Defects in chromosomes or mitotic spindles activate the spindle checkpoint, resulting in cell cycle arrest at prometaphase. The prolonged activation of spindle checkpoint generally leads to mitotic exit without segregation after a transient mitotic arrest and the consequent formation of tetraploid G 1 cells. These tetraploid cells are usually blocked to enter the subsequent S phase by the activation of p53/pRb pathway, which is referred to as the G 1 tetraploidy checkpoint. A human homologue of the Drosophila warts tumor suppressor, WARTS, is an evolutionarily conserved serine-threonine kinase and implicated in development of human tumors. We previously showed that WARTS plays a crucial role in controlling mitotic progression by forming a regulatory complex with zyxin, a regulator of actin filament assembly, on mitotic apparatus. However, when WARTS is activated during cell cycle and how the loss of WARTS function leads to tumorigenesis have not been elucidated. Here we show that WARTS is activated during mitosis in mammalian cells, and that overexpression of a kinaseinactive WARTS in Rat1 fibroblasts significantly induced mitotic delay. This delay resulted from prolonged activation of the spindle assembly checkpoint and was frequently followed by mitotic slippage and the development of tetraploidy. The resulting tetraploid cells then abrogated the G 1 tetraploidy checkpoint and entered S phase to achieve a DNA content of 8N. This impairment of G 1 tetraploidy checkpoint was caused as a consequence of failure to induce p53 expression by expressing a kinaseinactive WARTS. WARTS thus plays a critical role in maintenance of ploidy through its actions in both mitotic progression and the G 1 tetraploidy checkpoint.
Defects in chromosomes or mitotic spindles activate the spindle checkpoint, resulting in cell cycle arrest at prometaphase. The prolonged activation of spindle checkpoint generally leads to mitotic exit without segregation after a transient mitotic arrest and the consequent formation of tetraploid G 1 cells. These tetraploid cells are usually blocked to enter the subsequent S phase by the activation of p53/pRb pathway, which is referred to as the G 1 tetraploidy checkpoint. A human homologue of the Drosophila warts tumor suppressor, WARTS, is an evolutionarily conserved serine-threonine kinase and implicated in development of human tumors. We previously showed that WARTS plays a crucial role in controlling mitotic progression by forming a regulatory complex with zyxin, a regulator of actin filament assembly, on mitotic apparatus. However, when WARTS is activated during cell cycle and how the loss of WARTS function leads to tumorigenesis have not been elucidated. Here we show that WARTS is activated during mitosis in mammalian cells, and that overexpression of a kinaseinactive WARTS in Rat1 fibroblasts significantly induced mitotic delay. This delay resulted from prolonged activation of the spindle assembly checkpoint and was frequently followed by mitotic slippage and the development of tetraploidy. The resulting tetraploid cells then abrogated the G 1 tetraploidy checkpoint and entered S phase to achieve a DNA content of 8N. This impairment of G 1 tetraploidy checkpoint was caused as a consequence of failure to induce p53 expression by expressing a kinaseinactive WARTS. WARTS thus plays a critical role in maintenance of ploidy through its actions in both mitotic progression and the G 1 tetraploidy checkpoint.
Introduction
Mitosis is precisely regulated by sequential biochemical reactions, including protein phosphorylation and degradation, in order to achieve the equal separation of replicated sister chromatids into the two daughter cells. Checkpoints exist at various stages of the cell cycle to prevent improper progression of cells through the cycle and thereby to preserve the integrity of the genome. During mitotic phase, the spindle assembly checkpoint plays an important role in ensuring that chromosomes align correctly at the metaphase plate in preparation for their segregation. Defects in chromosomes or the mitotic spindle at this stage result in activation of the spindle assembly checkpoint and cell cycle arrest at prometaphase. Prolonged activation of this checkpoint leads to the skipping of chromosome segregation and cytokinesis and the consequent formation of tetraploid cells. The replication of DNA in tetraploid cells that have entered the subsequent G 1 phase is usually blocked by p53-and pRb-dependent cell cycle arrest, which is referred to as the G 1 tetraploidy checkpoint (Margolis et al., 2003) . Impairment of this checkpoint allows the tetraploid cells to maintain their proliferative potential, a process known as tetraploidization. Mitotic dysfunction alone is thus not sufficient to induce and maintain tetraploidization, which is considered a frequent precursor of aneuploidy during tumorigenesis (Shackney et al., 1989) .
The warts gene (also referred to as lats) was identified on the basis of its ability to act as a tumor suppressor in Drosophila melanogaster (Justice et al., 1995) . The protein encoded by this gene possesses a serinethreonine kinase catalytic domain that is highly similar to those of members of the human myotonic dystrophy protein kinase family. Kinases of this family have been shown to contribute to various mitotic events (Toyn and Johnston, 1994; Yasui et al., 1998) . A human homolog of warts, termed WARTS (or LATS1), has been identified (Nishiyama et al., 1999; Tao et al., 1999) , and mice deficient in the corresponding protein develop malignant tumors similarly to the analogous Drosophila mutant (St John et al., 1999). Furthermore, a missense point mutation of WARTS was recently identified in human soft-tissue sarcoma, suggesting that alterations in WARTS function might be of pathological importance in human tumorigenesis (Hisaoka et al., 2002) .
Immunolocalization studies have shown that human WARTS is found in cytoplasm and the centrosome in interphase cells, that it localizes to the mitotic apparatus, including the spindle poles and mitotic spindle, during metaphase-anaphase, and that it is present at the midbody during telophase (Nishiyama et al., 1999) . Moreover, WARTS is phosphorylated during mitosis and interacts with zyxin, a regulator of actin filament assembly, at the mitotic apparatus, and this mitosisspecific interaction plays an important role in the control of mitotic progression . WARTS is thus a key player in mitotic events in mammalian cells, and loss of its function disrupts normal mitotic regulation, possibly leading to chromosomal instability and tumor development. However, given that the kinase activity of WARTS in cells has not been unambiguously detected to date, the mechanisms by which WARTS contributes to cell cycle events have remained largely unknown.
To provide insight into WARTS function, we have now examined the kinase activity of this protein during the cell cycle in mammalian cells. WARTS was activated specifically during mitosis, with peak activity apparent at the prometaphase/metaphase transition. Overexpression of a kinase-inactive WARTS mutant in Rat1 fibroblasts induced a pronounced delay in entry into anaphase as well as subsequent mitotic slippage and the development of tetraploidy. Furthermore, such tetraploid cells did not arrest at G 1 phase and entered another round of DNA synthesis, resulting in tetraploidization. In contrast, Rat1 cells overexpressing wildtype WARTS underwent cell death when the spindle assembly checkpoint was continuously activated by nocodazole treatment. Our results suggest that the kinase activity of WARTS is required for proper mitotic progression, for cell death in response to prolonged activation of the spindle assembly checkpoint, and for activation of the G 1 tetraploidy checkpoint. The loss of WARTS function might thus induce mitotic aberration followed by tetraploidization, which leads to the consequent development of aneuploidy during tumorigenesis.
Results

Mitotic activation of WARTS kinase activity
To investigate possible changes in the kinase activity of human WARTS during the cell cycle, we first performed in vitro kinase assays with WARTS immunoprecipitated from asynchronous or mitotic HeLa cells. Whereas, autophosphorylation of WARTS in vitro was almost undetectable with the protein isolated from asynchronous cells, it was markedly increased with WARTS derived from mitotic cells (Figure 1a) . To exclude the possibility that phosphorylation of WARTS detected in this assay was due to the presence of another kinase in the immunoprecipitates, we generated stable transfectants of Rat1 fibroblasts that constitutively express wildtype or kinase-inactive forms of WARTS tagged at their NH 2 -termini with the Myc epitope (WTW1 and KDW1 cells, respectively) (Figure 1b) . The kinase-inactive WARTS mutant (K734A) was constructed by replacing lysine 734 with alanine. This conserved lysine residue has been proven to play a key role in the recognition of the phosphate group of Mg-ATP (Hanks et al., 1988) , and changing this lysine residue reportedly resulted in a kinase-inactive protein (Xia et al., 2002) . Both exogenous WARTS proteins localized to centrosomes and the cytoplasm during interphase and to the mitotic apparatus during mitosis (Figure 1c) , consistent with the cell cycle-dependent localization of the endogenous protein as previously reported (Nishiyama et al., 1999) .
To examine whether the kinase activity of wild-type Myc-WARTS was increased during mitosis like that of endogenous WARTS, we synchronized WTW1 cells at prometaphase by treatment with nocodazole and then released them into normal medium. Myc-WARTS was immunoprecipitated from cell lysates at various times thereafter with antibodies to Myc and was subjected to the in vitro kinase assay. A protein that migrated at the position of Myc-WARTS was phosphorylated during mitotic progression, with the maximal activity apparent 10-15 min after release from prometaphase arrest ( Figure 1d ). However, no phosphorylated protein of the same size was detected when the same experiment was performed with KDW1 cells (Figure 1e ). Furthermore, Myc-WARTS immunoprecipitated from asynchronous WTW1 cells exhibited only a low level of autophosphorylation activity (Figure 1e ). These findings indicated that WARTS is autophosphorylated, rather than phosphorylated by other kinases interacting with WARTS, during mitosis and that WARTS is thus activated specifically during M phase.
Chromosomal instability induced by overexpression of kinase-inactive WARTS
We next investigated the effects of constitutive expression of the wild-type and mutant WARTS proteins on the phenotype of Rat1 cells. The rate of proliferation was reduced in WTW1 cells and, to an even greater extent, in KDW1 cells compared with that apparent in parental Rat1 cells (Figure 2a ). Flow cytometric analysis of WTW1 cells revealed two prominent peaks of cells in G 1 (2N) and in G 2 -M (4N), similar to the cell cycle distribution of the parental cells ( Figure 2b ). In contrast, the proportion of 2N cells was reduced and that of 4N and 44N cells was increased for KDW1 cells compared with parental cells. These observations were supported by microscopic analysis of cells stained with propidium iodide to reveal DNA; nuclei of KDW1 cells thus tended to be much larger than those of WTW1 and parental Rat1 cells (Figure 2c ). In addition, KDW1 cells frequently manifested lagging chromosomes during mitosis as well as enlarged, multilobular, or multiple nuclei (data not shown).
To confirm the increased ploidy of KDW1 cells, we counted the chromosomes of the three cell types. The distribution of chromosome number for KDW1 cells differed markedly from that for WTW1 or parental Rat1 cell populations (Figure 2d ). Of 50 metaphase KDW1 cells scored, 15 cells (30%) appeared almost tetraploid, whereas all parental Rat1 cells or WTW1 cells scored were diploid. The fact that intermediate , and KDW1-rev cells were subjected to SDS-PAGE on a 6% gel followed by immunoblot analysis with antibodies to Myc (9E10), to WARTS , or to a-tubulin (B-5-1-2) as a loading control. (c) Subcellular localization of Myc-WARTS during the cell cycle. WTW1 and KDW1 cells were fixed and processed for indirect immunofluorescence staining. Cells at interphase were immunostained with antibodies to Myc (FITC, green) and to g-tubulin (Alexa 568, red); cells at metaphase, anaphase, or telophase were immunostained with antibodies to Myc (FITC, green) and to a-tubulin (Alexa 568, red). (d) Activation of wild-type Myc-WARTS during mitosis. WTW1 cells were treated with nocodazole for 10 h and then released into normal medium for the indicated times. Cell lysates were then subjected to immunoprecipitation with antibodies to Myc, and the resulting precipitates were subjected to the in vitro kinase assay with [g-32 P]ATP. The same amounts of immunoprecipitates were then subjected to immunoblot analysis with antibodies to WARTS. (e) WTW1 or KDW1 cells were treated with nocodazole for 10 h and then released into normal medium for 0 (Noc) or 10 (R10 0 ) min before analysis as in (d). Asynchronous cells were similarly analysed levels of ploidy were not observed in KDW1 cells suggested that the tetraploidy of these cells might result from either failure of chromosome segregation or impairment of cytokinesis.
At later passages (423 doublings), KDW1 cells are somewhat unstable, generally containing some cells (B10% of the total population) that have lost the expression of the kinase-inactive form of WARTS protein (Figures 1b and 2c) . We cloned these revertant KDW1 cells (termed KDW1-rev cells) and showed that they were phenotypically similar to WTW1 or parental Rat1 cells (Figure 2 ). The expression of the kinaseinactive WARTS protein thus appeared to be directly associated with the polyploid phenotype of KDW1 cells, suggesting that the kinase activity of WARTS is required for maintenance of ploidy.
Prolonged activation of the spindle assembly checkpoint induced by overexpression of kinase-inactive WARTS To define more precisely the effect of the kinase-inactive WARTS on mitotic progression, we determined the (Figure 3a) . In KDW1-rev cells, lost of the kinase-inactive WARTS expression significantly increased the number of cells (54%) exiting mitosis within 30 min. Most KDW1 cells with a prolonged duration of mitosis (4100 min) exited mitosis without undergoing cytokinesis. Expression of the kinase-inactive WARTS mutant thus interfered with normal mitotic progression and frequently induced skipping mitosis followed by polyploidization. These phenotypes might contribute to the reduced growth rate of KDW1 cells in comparison to WTW1 or KDW1-rev cells (Figure 2a) .
To examine the nature of the mitotic delay in cells expressing the WARTS mutant, we synchronized WTW1 and KDW1 cells at prometaphase by nocodazole treatment, released them into normal medium, and then determined their mitotic distribution at various times thereafter by immunostaining with antibodies to a-tubulin and staining of DNA with propidium iodide. Whereas WTW1 cells began to enter anaphase after 15 min and had reached telophase by 25 min after release, most KDW1 cells remained in metaphase 25 min after release (Figure 3b ). Quantitative analysis confirmed that KDW1 cells manifested a marked delay in anaphase entry compared with WTW1 cells (Figure 3c ).
Delay in anaphase entry is usually caused either by activation of the spindle assembly checkpoint or by disruption of proteolysis by the anaphase-promoting complex or cyclosome (APC/C) (King et al., 1995; Tugendreich et al., 1995; Amon, 1999) . To investigate the former possibility, we examined recruitment of MAD2 protein to kinetochores, which is thought to occur specifically at unattached kinetochores during prometaphase and is required for maintenance of spindle assembly checkpoint signaling (Shah and Cleveland, 2000) . At 20 min after release from nocodazole treatment, most WTW1 cells had already entered anaphase; all chromosomes were aligned at the metaphase plate and exhibited only faint staining for MAD2 (Figure 3d ). In contrast, in most KDW1 cells at this time, some of the chromosomes had still not aligned at the metaphase plate and MAD2 staining was pronounced at the kinetochores of such misaligned chromosomes. Given that a single MAD2-positive unaligned chromosome is sufficient to activate the spindle assembly checkpoint (Nicklas, 1997) , our observations suggest that prolonged activation of this checkpoint contributes to the mitotic delay observed in KDW1 cells. The kinase-inactive WARTS mutant may thus interfere with kinetochore function or assembly of the mitotic spindle, resulting in prolonged activation of the spindle assembly checkpoint and prometaphase delay. WARTS localizes to the mitotic spindle during mitotic phase (Nishiyama et al., 1999) , and the peak of WARTS kinase activity coincided with the timing of prometaphase-to-metaphase progression (Figure 1d ). These data suggest that activation of WARTS might play an important role in the regulation of events related to the spindle attachment to kinetochore and chromosome alignment.
DNA synthesis without cell division after prolonged activation of the spindle assembly checkpoint in KDW1 cells
Progression of tumors to a highly aneuploid state is thought to occur in at least two discrete steps. First, failure of the primary control of chromosome segregation or cytokinesis results in the generation of a tetraploid cell. Second, failure of a p53-and pRbdependent surveillance mechanism that normally arrests such tetraploid cells in G 1 leads to aberrant DNA synthesis (Margolis et al., 2003) . We have shown that prolonged activation of the spindle assembly checkpoint appears to be responsible for the pronounced mitotic delay in KDW1 cells and for allowing such cells to exit mitosis without undergoing cytokinesis, resulting in the formation of G 1 cells with a DNA content of 4N. We, therefore next determined whether the G 1 tetraploidy checkpoint prevents these cells from undergoing another round of DNA synthesis. To this end, we investigated the fate of cells treated with nocodazole to induce prolonged activation of the spindle assembly checkpoint. Asynchronous cells were treated with nocodazole for 12 h, and mitotic cells were then collected by the 'shake off' procedure and transferred to new dishes for further treatment with nocodazole. The cells that flattened back onto the culture dishes in the presence of nocodazole were analysed. The percentage of these cells with a DNA content of 8N was markedly greater for the KDW1 line than for the WTW1 line (Figure 4a ), indicating that a substantial proportion of KDW1 cells with a DNA content of 4N underwent an additional round of DNA synthesis to yield a DNA content of 8N. Most KDW1-rev cells appeared to arrest with a DNA content of 4N. On the other hand, nocodazole-treated WTW1 cells showed a marked reduction in the proportion of cells with a DNA content of 4N that was concomitant with an increase in the size of the sub-G 1 population, indicating that a large number of WTW1 cells with a 4N DNA content underwent cell death as a result of the prolonged treatment with nocodazole. These results suggest that, in cells that have become tetraploid as a result of mitotic errors, overexpression of kinase-inactive WARTS induces abrogation of the G 1 tetraploidy checkpoint and that overexpression of wildtype WARTS induces cell death rather than G 1 arrest.
Role of WARTS in p53 induction at the G 1 tetraploidy checkpoint
To investigate why KDW1 cells with a DNA content of 4N fail to undergo G 1 arrest, we examined the expression of p53, a key player in activation of the G 1 tetraploidy checkpoint (Minn et al., 1996; Lanni and Jacks, 1998; Andreassen et al., 2001) . Although p53 was accumulated in KDW1-rev cells treated with nocodazole for 26 h as described above, its abundance was markedly reduced in similarly treated KDW1 cells (Figure 4b) . It was not possible to examine WTW1 cells in this experiment because most of these cells underwent apoptosis in response to prolonged nocodazole treatment as shown above (Figure 4a ). These results suggest that abrogation of the G 1 tetraploidy checkpoint in KDW1 cells is due to a defect in the induction of p53. Overexpression of kinase-inactive WARTS thus induces not only activation of the spindle assembly checkpoint but also abrogation of the G 1 tetraploidy checkpoint, resulting in the development of polyploidy. It therefore appears that the kinase activity of WARTS plays important roles in both mitotic progression and the G 1 tetraploidy checkpoint.
Discussion
This study is the first demonstration that WARTS kinase is activated at the prometaphase/metaphase transition. Our data suggest that WARTS activation plays an important role in the regulation of spindle attachment to kinetochore and chromosome alignment. Thus, impairment of WARTS function leads to the activation of spindle assembly checkpoint. Although the function of the spindle assembly checkpoint is thought to be to ensure the correct assembly of a functioning mitotic spindle before exit from mitosis, the ability of cells to arrest in mitosis varies (Kung et al., 1990) ; many cell types thus undergo only a transient mitotic arrest and then exit mitosis without chromosome segregation. Consistent with these observations, we have shown here that cells expressing a kinase-inactive WARTS, KDW1 cells, frequently experience prolonged activation of the spindle assembly checkpoint and subsequently exit mitosis without cell division and therefore became tetraploid. Cells that have evaded mitotic arrest after activation of the spindle assembly checkpoint by treatment with an inhibitor of microtubule assembly have previously been shown to undergo p53-dependent G 1 arrest (Minn et al., 1996; Lanni and Jacks, 1998) . Moreover, cells treated with an inhibitor of actin assembly to induce failure of cytokinesis underwent p53-dependent G 1 arrest even when formation of the mitotic spindle and chromosome segregation proceeded normally, suggesting that tetraploidy per se leads to G 1 arrest (Andreassen et al., 2001) . Our detection of a substantial population of KDW1 cells with a DNA content of 8N after prolonged activation of the spindle assembly checkpoint suggests that overexpression of the kinase-inactive WARTS mutant impaired G 1 tetraploidy checkpoint function. In fact, we further demonstrated that the induction of p53 was defective in nocodazole-treated KDW1 cells, indicating that the kinase activity of WARTS is required for p53 induction. This defect of p53 induction appears to be responsible for failure to activate the G 1 tetraploidy checkpoint and entry into subsequent S phase in KDW1 cells. We are currently investigating how the activated WARTS induces p53 accumulation when mitosis is failed.
Since the only one clone of kinase-inactive mutant was available in this study, it raises the possibility that overexpression of kinase-inactive WARTS might cause some additional effects in this clone other than simply interfering the function of the endogenous WARTS expressed in Rat 1 cells. However, the distribution of mutant WARTS is essentially the same as that of wildtype WARTS (Figure 1c) , suggesting that mutants WARTS does not associate with some unexpected targets. Furthermore, KDW1-rev cells, which lost the mutant WARTS expression, showed the similar phenotypes to the parental Rat 1 cells. It is thus likely that the kinase-inactive WARTS inhibits endogenous WARTS in a dominant-negative manner. were treated with nocodazole for 12 h (middle panels), and mitotic cells were then collected by the shake-off procedure and transferred to new dishes for incubation for an additional 18 h with nocodazole (lower panels). The DNA content of attached cells was determined by flow cytometry. Percentages refer to the number of cells with a DNA content of o4N or 44N. (b) KDW1 and KDW1-rev cells were treated (or not) with nocodazole for 26 h as described in (a), and attached G 1 cells were then collected and lysed. Lysates were subjected to SDS-PAGE on a 10% gel followed by immunoblot analysis with antibodies to p53 (R-19, Santa Cruz) or to a-tubulin It was previously reported that ectopic expression of WARTS in human cancer cells induces upregulation of BAX proteins and leads to apoptosis (Yang et al., 2001; Xia et al., 2002) . In contrast, our study shows that overexpression of wild-type WARTS in Rat1 fibroblasts resulted in neither apoptosis nor cell cycle arrest. These discrepancies might be attributed to differences between cancer cells and normal cells. It should be noted that overexpression of wild-type WARTS in Rat1 fibroblasts (WDW1 cells) preferentially induced apoptosis when spindle damage was induced by nocodazole treatment, whereas KDW1-rev cells did not (Figure 4a ). These differences in sensitivity of the two cell lines to nocodazole may be due to the differences in the expression levels of wild-type WARTS protein. These findings suggest that overactivation of WARTS kinase induces apoptosis in the presence of tumorigenic signals and cytotoxic stress such as spindle damage or DNA damage. Therefore, activation and/or overexpression of WARTS may provide a potential specific therapeutic approach for treating malignant tumors.
Overexpression of other mitotic kinases (Polo-like kinase 1, Aurora-A, Aurora-B) also induces mitotic failure concomitant with multinucleation and an increase in centrosome number, and the absence of p53-dependent checkpoint function exacerbates this phenotype (Meraldi et al., 2002) . In this regard, it thus appears that WARTS is unique in that it regulates not only mitotic progression but also p53-mediated checkpoint function. Inactivation of WARTS kinase alone thus possibly leads to genomic instability and development of tumors through mitotic failure, G 1 checkpoint abrogation, and the survival of abnormal cells.
Materials and methods
Cell culture and synchronization
Parental Rat1 cells and stable transfectants were cultured in DME-F12 medium supplemented with 10% fetal bovine serum without antibiotics. For cell synchronization in prometaphase, cells were incubated for 10 h with nocodazole (50 ng/ml) and then released into normal medium.
Generation of Rat1 cells stably expressing WARTS
Rat1 cells in six-well plates were transfected, with the use of FuGENE 6 (Roche), with the expression vector pUHG10-3 containing the cDNA for either wild-type or kinase-inactive forms of human WARTS. The kinase-inactive WARTS mutant (K734A) was constructed by replacing lysine 734 in the ATP-binding site with alanine. After 48 h, the cells were cultured in the presence of hygromycin B (0.2 mg/ml) (Wako), and antibiotic-resistant cell colonies were isolated 1 week later by ring cloning.
Immunofluorescence microscopy
